Spermatogonial stem cells (SSCs) comprise a small population of germ cells that have self-renewal potential. However, studies on SSCs are hampered by the lack of SSC-specific markers. Although the cryptorchid operation is often used to obtain an enriched SSC population by destroying differentiating germ cells using high body temperature, SSCs in cryptorchid testes have different biological characteristics than those in a normal environment. Therefore, it is necessary to develop new methods for SSC selection. In this study, we report a method of isolating SSCs from wild-type mouse testes based on their functional characteristics using aldehyde dehydrogenase (ALDH) activity levels, which have been successfully used for stem cell isolation from many self-renewing tissues. Testis cells selected using CD9 or CDH1, both of which are expressed by SSCs, exhibit ALDH activity in flow cytometric analyses. However, spermatogonial transplantation revealed that SSCs do not show ALDH activity, whereas somatic stem cells have high ALDH activity levels. Nevertheless, SSCs could be enriched 183.7-fold based on CDH1 preselection and transplantation of cells that lacked ALDH activity. In contrast, we failed to enrich SSCs from cultured spermatogonia, which exhibited ALDH upregulation in vitro. These results suggest that SSCs are unique among tissuespecific stem cells in their regulation of ALDH activity. Development of a new technique for SSC isolation from wildtype testes based on their functional properties will facilitate investigation of SSCs in a normal testicular environment.
INTRODUCTION
Spermatogenesis is a long and complex process that consists of three stages: spermatogonia amplification, spermatocyte meiosis, and the transformation of spermatids into spermatozoa. Spermatogonial stem cells (SSCs) comprise a small population of spermatogonia with self-renewal activity [1, 2] . They continuously divide to provide the foundation of spermatogenesis throughout the life of male animals. However, because SSCs are defined by their self-renewal ability, they are difficult to identify in a prospective manner. Moreover, their numbers in the testis are very low, with only 0.02%-0.03% of male germ cells thought to have SSC activity [1, 3] . These problems make it difficult to analyze the biological characteristics of this unique cell population.
In 1994, a germ cell transplantation technique was developed in which donor testis cells were transplanted into the seminiferous tubules of infertile recipient mice [4] . Using this method, SSCs could be identified in a functional manner. By using magnetic cell sorting (MACS) and fluorescenceactivated cell sorting (FACS), it has been demonstrated that SSCs in adult testes express ITGB1, ITGA6, CDH1, CD9, EPCAM, FZD3, THY-1, and MCAM on their surface [5] [6] [7] [8] [9] [10] [11] [12] . It is now possible to obtain significantly enriched population of SSCs (1 in 15-30 cells) by using cryptorchid testes [5, 6] , in which a significant proportion of cells were destroyed by exposure to high core body temperature [13, 14] . Although analyses of cell surface characteristics are useful for SSC purification, this approach depends on the availability of antibodies and is not based on stem cell function, thereby limiting its applications.
In contrast, stem cells in other self-renewing tissues have been successfully purified using dye staining. The Hoechst 33342 stain is typically used in stem cell purification [15] . Hoechst 33342 staining depends on the ability of stem cells to exclude Hoechst 33342 by ABC transporters. Because of this activity, stem cells generally exhibit typical side population (SP) phenotypes. Although they comprise a small population, they are characterized by efficient Hoechst 33342 efflux and display low Hoechst 33342 fluorescence. In testes, however, there are conflicting reports regarding the utility of Hoechst 33342 for SSC enrichment [6, [16] [17] [18] [19] [20] . One study showed that SSCs do not belong to SP population using cryptorchid testes [6] . Another study confirmed this result and suggested that toxicity of Hoechst 33342 may be responsible for compromised SSC activity [16, 21] . However, several other studies using wild-type (WT) testes demonstrated SSC activity in cells with SP phenotype [17] [18] [19] . In other studies, JC1 or rhodamine 123, which reflects mitochondria activity [16, 22] , was used to enrich SSCs in neonatal and cryptorchid testes, respectively. However, JC1 was useful only for neonatal testes. Moreover, undifferentiated spermatogonia in cryptorchid conditions show distinct gene expression and colony formation patterns compared to WT mice [23, 24] . For example, stem cells/ progenitors in cryptorchid testes lack Ret and Gfra1 expression, both of which are essential for SSC self-renewal [24] . Therefore, it is necessary to develop a reliable method to enrich SSCs from WT adult testis based on the biological characteristics of stem cells.
Aldehyde dehydrogenase (ALDH) is a member of a family of enzymes that catalyze the oxidation of aldehydes to their corresponding acids [25] . To date, 20 structurally related ALDH isoforms have been identified in mice. In general, ALDH participates in the detoxification of acetaldehyde from ethanol ingestion, as well as the metabolism of corticosteroids, biogenic amines, neurotransmitters, and retinoic acids. However, the individual members of the family show substrate preferences for different aldehydes and some also have other functions unrelated to aldehyde oxidation. Interestingly, stem cells are found exclusively in cell populations with high ALDH activity [25] . Stem cells from many tissues, such as hematopoietic, neuronal, keratinocyte, and mesenchymal stem cells, have been successfully purified [26] [27] [28] [29] [30] . In addition to normal tissue stem cells, ALDH is also expressed in cancer stem cells [31, 32] . These results suggest that SSCs may also be purified using the same strategy. Cells that express ALDH can be isolated using the fluorescent substrate BODIPYaminoacetaldehyde, which can move freely across cell membranes.
In this study, we evaluated the utility of ALDH activity for SSC enrichment. We first used germline stem (GS) cells, cultured spermatogonia with enriched SSC activity [33] . Germ cells in postnatal testes can proliferate to form grapelike clusters of spermatogonia by culturing with FGF2 and GDNF. Approximately 1%-2% of these cells can act as SSCs to produce germ cell colonies after transplantation [34] . Although GS cells do not necessarily show the same phenotype with SSCs in vivo [35] , GS cells are used to analyze self-renewal machinery of SSCs [36] because it is possible to collect a large number of SSCs, which comprise only a small population in vivo. In the current study, we failed to enrich SSCs from GS cell cultures using ALDH activity following collection and transplantation of ALDH þ GS cells. Moreover, we also failed to find SSCs in cells with ALDH activity after preselection of mature WT testes with CD9 or CDH1, known SSC markers [7, 8] . Unexpectedly, SSC activity was found almost exclusively in CD9-or CDH1-preselected cells without ALDH activity. These results suggest that SSCs are distinct from other tissue stem cells in ALDH regulation. Furthermore, development of a new SSC-enrichment technique based on stem cell function will be useful for improving the current SSC enrichment protocol from mature WT testis.
MATERIALS AND METHODS

Cell Culture
GS cells were derived from ROSA mice (Jackson Laboratory) as described previously [33] . GS cell culture media was based on StemPro-34 SFM (Invitrogen) and was supplemented with 10 ng/ml human FGF2 and 15 ng/ml recombinant rat GDNF (both from Peprotech), as described previously [33] . Cultures were maintained on mitomycin C-treated mouse embryonic fibroblasts. For cell-sorting experiments, GS cells were incubated in celldissociation buffer (Invitrogen) for 5 min to obtain single-cell suspensions.
Testis Cell Collection and MACS
Testes were collected from 6-to 12-wk-old transgenic B6-TgR (RO-SA26)26Sor mice (designated ROSA) in a C57BL/6 (B6) background. Where indicated, we also used 1-, 10-, and 35-day-old WT B6 mice (Japan SLC). For CD9 antigen expression preselection, seminiferous tubules were incubated for 10 min at 378C in 1 mg/ml type IV collagenase (Sigma) with occasional agitation. Tubules were then washed twice in Hank balanced salt solution, followed by incubation for 10 min at 378C in cell-dissociation buffer containing 1.4 mg/ml DNase (Sigma). Dissociated testis cells were incubated for 10 min at 48C in phosphate-buffered saline supplemented with 1% fetal bovine serum and the biotinylated rat-anti-mouse CD9 antibody (2.5 lg/ml KMC8; BD Biosciences). For CDH1 antigen expression preselection, we used a rat antimouse CDH1 antibody (2.0 lg/ml ECCD2; Takara Biomedicals). Seminiferous tubules were incubated in 1 mg/ml type II collagenase for 10 min, as described previously [8] . After incubation with the primary antibody, cells were washed in PBS/fetal calf serum, and incubated for 15 min at 48C with the microbeads solution (streptavidin or a-rat IgG microbeads; Miltenyi Biotec). Cells were then passed through a large cell-separation column (Miltenyi Biotec) according to the manufacturer's instructions.
FACS
To evaluate ALDH activity, cells were incubated in Aldefluor reagent (StemCo Biomedical) according to the manufacturer's instructions. In brief, Aldefluor substrate was added to testis cell suspensions in Aldefluor assay buffer and incubated for 30 min in the dark at 378C. As a control, an aliquot of Aldefluor-stained cells was immediately quenched with 1.5 mM diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor. To exclude dead cells, 1 lg/ml propidium iodide (Sigma) was added. Stained cells were sorted using FACSAria III (BD Biosciences). All the antibodies used for flow cytometric analyses are summarized in Supplemental Table S1 (all the Supplemental Data is available online at www.biolreprod.org).
Gene Expression Analyses
Total RNA was isolated using Trizol (Invitrogen), and first-strand cDNA was synthesized using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific) for RT-PCR. For real-time PCR, StepOnePlus Real-Time PCR system and Power SYBR Green PCR Master Mix were used following the manufacturer's protocol (Applied Biosystems). Transcript levels were normalized relative to those of Hprt. PCR conditions were 958C for 10 min, followed by 40 cycles of 958C for 15 sec, and 608C for 1 min. Each reaction was performed at least in triplicate. PCR primer sequences are listed in Supplemental Table S2 .
Transplantation
Donor cells were transplanted into WBB6F1-W/W v (designated W) mice (Japan SLC). Approximately 4 ll were introduced into the seminiferous tubules of 4-to 6-wk-old adult testes through the efferent duct, filling 75%-85% of the seminiferous tubules [37] . For GS cell transplantation, recipient animals were treated with an anti-CD4 antibody as described previously to avoid rejection of allogeneic donor cells [38] . The Institutional Animal Care and Use Committee of Kyoto University approved all the animal experimentation protocols.
Recipient Testes Analyses
Donor cell colonization levels were evaluated 2 mo after transplantation by staining the recipient testes for the LacZ gene product b-galactosidase with Xgal (Wako Pure Chemical Industries), as previously described [39] . Colonies were defined as germ cell clusters longer than 0.1 mm that occupied the entire seminiferous tubule circumference. For histological analyses, samples were paraffin embedded and processed for sectioning. All the sections were stained with hematoxylin and eosin.
Immunohistochemistry
After fixation in 4% paraformaldehyde, frozen sections were incubated with primary antibodies. Immunohistochemistry was carried out as described previously [40] using antibodies shown in Supplemental Table S3 .
Statistical Analyses
The results are presented as means 6 SEM. SSC activities of subfractionated cells were analyzed using one-way analysis of variance (ANOVA) followed by Tukey honestly significant difference tests.
RESULTS
ALDH Activity in Developing Testis
We analyzed testis cells at three different stages to examine whether ALDH activity is associated with specific stages of testis development. We collected testis cells from 1-, 10-, and 35-day-old mice ( Fig. 1A) and stained the dissociated total testis cells for ALDH activity by flow cytometry. Forward scatter and side scatter of incident light in an unstained testis cells are shown in Figure 1B . Cell size is roughly estimated by forward scatter, and side scatter is determined by cell shape and complexity. ALDH activity was assessed using Aldefluor assays. These assays are based on the conversion of BODIPYaminoacetaldehyde to BOIPY-aminoacetate, whose fluores-KANATSU-SHINOHARA ET AL. cence can be detected using flow cytometry [26] . As a control, cells were incubated with Aldefluor substrate and DEAB, a specific ALDH inhibitor. In the absence of DEAB, there was a right shift in fluorescence, which defined ALDH þ cells (Fig.  1B) . Testis cells from 1-day-old mice contain only gonocytes (Fig. 1A) , the only germ cell type at this stage. Flow cytometry showed little ALDH activity in neonatal testis cells. Although it was not possible to distinguish germ cells and somatic cells by forward scatter and side scatter values at this stage, spermatogonia population become distinct in 10-day-old testis cells, which contain spermatogonia and spermatocytes. Flow cytometric analysis showed apparent ALDH þ cells in spermatogonia gate [41] . Significant numbers of ALDH þ cells were found in 35-day-old mouse testis cells, which contain spermatogenic cells of all stages. These results show that cells with ALDH activity increase progressively during postnatal testis development.
To identify cells with ALDH activity, we examined ALDH1A1 expression. Because Aldefluor is optimized to measure ALDH1A1 activity [42] , we performed immunohistochemistry using a polyclonal antibody against ALDH1A1. A previous study showed strong ALDH1A1 expression in Leydig cells [43] . However, close analyses of adult testes showed that ALDH1A1 is also expressed in Sertoli cells and germ cells (Fig. 1C) , which reside in the seminiferous tubule. We found that ALDH1A1 expression colocalized with Sox9
þ Sertoli cells as well as with cells expressing spermatogonia makers. Quantification of immunostained cells showed that ALDH1A1 is expressed by ;45.2%, 90.9%, 96.8%, and 86.5% of cells expressing GFRA1, CDH1, EPCAM, and KIT, respectively (n ¼ 21-22) (Fig. 1D) . Statistical analyses showed that ALD-H1A1 expression was significantly reduced in GFRA1 þ cells, which correspond to A single (A s ), A paired (A pr ), and A aligned spermatogonia [44] . Although these results indicate that ALDH1A1 is expressed in CDH1 þ undifferentiated spermatogonia, the decreased ALDH1A1 staining in GFRA1 þ cells suggests heterogeneity of ALDH activity in A s spermatogonia.
Germline Stem Cell Fractionation by ALDH Activity
In the first set of transplantation experiments, we used GS cells. Because it is possible to collect a large number of SSCs from GS cell cultures, GS cells allow in vitro analysis of SSCs without collecting limited number of SSCs from fresh testis cells. We examined whether SSCs in GS cell cultures can be separated based on ALDH activity. GS cells from ROSA mice were cultured with GDNF and FGF2, which stimulate SSC self-renewal [36] . Logarithmically growing cells on mouse embryonic fibroblasts were dissociated and their ALDH activity determined. Using this strategy, 33.6% 6 25.2% (n ¼ 3) of the cells showed ALDH activity (Fig. 2A) . The ALDH À and ALDH þ cell populations were of comparable size. ALDH À and ALDH þ cells were collected by FACS, and transplanted into congenitally infertile W recipient mice that lack endogenous spermatogenesis because of mutations in the KIT receptor [45] .
Analyses of the recipient mice showed that ALDH À as well as ALDH þ cells produced germ cell colonies (Fig. 2B) . The numbers of colonies generated by ALDH (Fig. 2C) . Although the number of colonies generated by ALDH þ cells was greater than ALDH À cells, the difference was not significant. We also did not observe enrichment of SSCs when compared with unfractionated GS cells. These results suggest that ALDH activity is not useful for SSC enrichment from GS cell cultures.
Fractionation of CD9-Selected WT Testis Cells Using ALDH Activity
Although our results in the preceding section indicate that ALDH activity is not useful for separating SSCs, we reasoned that our failure to enrich SSCs from GS cell cultures was due to phenotypic differences from those in vivo. To examine the ALDH activity of SSCs in vivo, we used an anti-CD9 antibody for preselection. This antigen is expressed on SSCs and was successfully used to preselect the SSC population in our previous studies [9, 11] . Testis cells from adult ROSA mice were dissociated by MACS. Approximately 2.2% 6 0.2% (n ¼ 3) of total testis cells could be collected using this procedure. The selected cells were incubated with Aldefluor substrate (Fig. 3A) . The staining patterns of DEAB-treated and -untreated samples indicated that ;48.6% 6 13.2% (n ¼ 3) of CD9-selected cells in the spermatogonia gate exhibited ALDH activity. The ALDH1 þ and ALDH1 À cell populations were of comparable size.
To assay SSC activity, we collected ALDH À and ALDH À cells) was ;3.1% of the total SSCs used for cell sorting. Although the difference in the number of colonies generated between ALDH À and unfractionated total testis cells was significant, no enrichment for ALDH þ cells was observed in the CD9 þ fraction.
Fractionation of CDH1-Selected WT Testis Cells Using ALDH Activity
Although these results suggest that SSCs have low ALDH activity in vivo, because CD9 is expressed in germ cells as well as Sertoli cells [7] , contamination with these cell types may have changed the relative estimates of ALDH activity. To confirm low ALDH activity in SSCs, we fractionated CDH1-selected testis cells and determined their ALDH activity. CDH1 is expressed only in undifferentiated spermatogonia, including SSCs [8] . Approximately 0.6% 6 0.2% (n ¼ 3) of cells were recovered using MACS with an anti-CDH1 antibody. When CDH1-selected cells were stained for ALDH activity, 72.5% 6 4.8% (n ¼ 3) of the cells in the spermatogonia gate were positive (Fig. 4A) . Unlike CD9-selected cells, the ALDH À cell population was significantly smaller than the ALDH þ cell population.
To identify any differences in their phenotype, we collected ALDH À and ALDH þ cells using FACS and assayed their mRNA levels by real-time PCR (Fig. 4B) . Aldh1a1 mRNA levels were significantly higher in ALDH1 þ cells, indicating that FACS successfully separated ALDH À and ALDH þ cells. Analyses of undifferentiated spermatogonia markers showed that Zbtb16, a marker of undifferentiated spermatogonia, was expressed exclusively in ALDH À cells. Although this result suggested that all undifferentiated spermatogonia belong to ALDH À cells, Nanos2, a marker of A s and A pr spermatogonia, was found in ALDH þ cells, suggesting heterogeneity of undifferentiated spermatogonia marker expression. Although Nanos2 was expressed more strongly in ALDH À cells, the difference was not significant. Gfra1 was expressed exclu-KANATSU-SHINOHARA ET AL. sively in ALDH À cells. Stronger Gfra1 expression in ALDH À cells was confirmed at the protein level using flow cytometry and an anti-GFRA1 antibody (Fig. 4C ). In addition, we noted increased expression levels of CDH1, ITGA6, EPCAM, CXCR4, and CD9 in ALDH À cells, which suggested that ALDH À cells were more undifferentiated than ALDH þ cells. However, given the equivocal expression of Nanos2 and the fact that some SSCs belong to GFRA1 À cells [46] , it was still not clear which fraction was more undifferentiated than the other.
Because phenotypic analyses were not conclusive, we transplanted these cells into W recipient mice to determine the SSC activity of each fraction. Consistent with data from previous experiments using CD9-selected cells, analyses of the recipient testes showed that ALDH À cells have greater SSC activity than ALDH þ cells (Fig. 5A) . The numbers of colonies generated by ALDH À , ALDH þ , and total unfractionated cells were 241.8, 1.9, and 1.3 per 10 5 transplanted cells, respectively (n ¼ 18) (Fig. 5B) . The number of SSCs recovered in the spermatogonia gate of CDH1-selected cells (ALDH þ plus ALDH À cells) was ;5.0% of the total SSCs used for cell sorting. Histological analyses of the recipient testes showed normal spermatogenesis from donor SSCs (Fig. 5C) . These results showed that SSCs have relatively low ALDH activity in the testis.
DISCUSSION
The identification and collection of SSCs is critical for various research purposes. Although cryptorchid testes have been successfully used as a source of purified SSCs in the past decade, there is great variation in germ cell degeneration among strains [47] , and at least 2 mo are usually required to destroy differentiating germ cells. More importantly, the cryptorchid condition is generally harmful to SSCs in most animal species [48, 49] . Therefore, it is necessary to develop new approaches to collect SSCs from mature WT testes. In this context, it would be useful to introduce other parameters, which are based on stem cell characteristics rather than cell surface characteristics, to enrich SSCs from WT testes. In this study, we report a novel method of SSC enrichment using Aldefluor, which has been used successfully to enrich stem cells from various self-renewing tissues.
Unlike cryptorchid testes that lack differentiating germ cells, SSC enrichment from WT testis is difficult because antibodies against all germ cell developmental stages are not available. 
ALDEHYDE DEHYDROGENASE ACTIVITY IN SPERMATOGONIA
Moreover, contamination with somatic cells makes it difficult to accurately interpret the staining data. This was particularly true in this study because ALDH1A1 is expressed strongly in somatic cells, contamination with which could confound the interpretation of the results. Therefore, we employed an anti-CD9 or anti-CDH1 antibody in this study to preselect populations enriched for SSCs. We have successfully used the anti-CD9 antibody to preenrich SSCs for cell sorting [9, 11] . However, CD9 is expressed by germ cells as well as Sertoli cells [7] . In this regard, CDH1 is a more useful marker because it is expressed exclusively by undifferentiated spermatogonia [8] . This may explain why there were fewer ALDH À cells in CDH1-selected cells because differentiating germ cells and Sertoli cells exhibited apparent ALDH activity. However the disadvantage is that CDH1 is easily destroyed by trypsin treatment; therefore, collagenase type II digestion was employed for testis cell dissociation [8] . When testis cells are digested with collagenase type II, the total cell recovery is often lower than with the two-step enzymatic testis dissociation protocol based on collagenase type IV and trypsin (data not shown). Nevertheless, the anti-CDH1 preselection yielded sufficient numbers of undifferentiated spermatogonia, which could be fractionated according to ALDH activity using FACS.
ALDH activity is closely associated with retinoid metabolism [50] . There are several other ALDH isoforms that oxidize retinaldehyde to retinoic acid, which induces spermatogenic cell meiosis. However, Aldh1a1 is thought to play an important role in defining ALDH þ cells. Among germ cell populations, Aldh1a2 is strongly expressed in spermatocytes, but Aldh1a1 is reportedly absent from germ cells [51] . In contrast, ALDH activity is found in stem cells from many tissues, and normal and cancer stem cells have been successfully enriched based on their high ALDH activity [25] . In contrast to previous reports [43, 51] , we immunohistochemically detected ALDH1A1 expression in undifferentiated spermatogonia. Therefore, we hypothesize that ALDH activity may be useful for enriching the SSC population, which represents a very small proportion of spermatogonia.
As expected from the immunohistochemistry results, flow cytometric analyses showed heterogeneity in the ALDH activity of CD9-or CDH1-selected testis cells. Moreover, real-time PCR analyses showed increased Gfra1 expression in ALDH À cells after preselection by CDH1. This result was in contrast with the fact that ;45.2% of GFRA1 þ cells expressed ALDH1A1 by immunohistochemistry. While it is possible that ALDH1A1 expression is not necessarily correlated with the functional ALDH activity, this discrepancy may reflect the sophisticated regulation of Gfra1 expression because GDNF increases Gfra1 expression [52] . Although phenotypic analyses were not conclusive, transplantation experiments clearly showed that SSCs do not exhibit ALDH activity regardless of the antibody used for preselection. Aldefluor staining was appropriately performed because our real-time PCR analyses showed significantly weaker Aldh1a1 gene expression in ALDH À cells. In cells synthesizing retinoic acids, conversion of retinol to its active metabolite depends on ALDH. In this context, it is interesting to note that spermatogonia are susceptible to changes in retinoic acid levels despite the lack of ALDH activity. In vitamin A-deficient mice, for example, differentiation is arrested at the A aligned -A 1 spermatogonia stage [53] . However, previous transplantation studies showed that SSCs are also susceptible to retinoic acid levels because SSC numbers were reduced in animals fed a vitamin A-deficient diet [54] . The number of SSCs in a testis from a vitamin A-deficient animal is ;12.5% of that from a control testis. Moreover, retinoic acid administration killed undifferentiated spermatogonia in transgenic mice expressing excessive GDNF [55] . Because both spermatogonia and Sertoli cells express retinoic acid receptor [51] , it is not clear whether the action of retinoic acid on SSCs is direct or indirect via Sertoli cells. However, these results suggest that retinoic acid levels play a critical role in SSC fate. Such strict regulation of retinoic acid in SSCs makes them unique among tissue-stem cells in their lack of ALDH activity.
Although we were not able to achieve SSC enrichment in ALDH þ cells by Aldefluor staining of CD9-or CDH1-selected testis cells, ALDH þ and ALDH À GS cells showed comparable SSC activities. This result contrasts with data from a previous study on neural stem cells [29] . Although the neurosphere cultures contained a much higher percentage of ALDH þ cells compared with freshly dissociated brain cells, the ALDH þ cell characteristics in neurospheres were identical to those from freshly isolated brain cells. In our study, however, we found significant SSC activity in ALDH þ cells in GS cell cultures, suggesting that ALDH activity is upregulated in cultured SSCs. One possible explanation for this discrepancy between the in vivo and in vitro results is the lack of vitamin A in the culture media. A previous study in rats showed that a lack of vitamin A increases ALDH1 expression in spermatogonia in vivo [56] . Because serum concentration is low in GS cell culture media (;1%), ALDH may have been upregulated in these cultures as a result of the vitamin A-deficient environment. Alternatively, in vitro culture may have altered the phenotypes of SSCs, which was suggested by our previous studies [36, 57] . The mechanism underlying such differences between GS cells and SSCs in vivo is not known; however, exposure to high GDNF concentrations may have provided excessive stimuli for proliferation, and the resultant activated cells may exhibit distinct phenotypes, which are not observed in SSCs undergoing steady state spermatogenesis. In future studies, the mechanisms, as well as the biological significance, of the change in the phenotype of GS cells should be clarified.
Although the lack of ALDH activity in SSCs was unexpected, this method is useful for SSC enrichment from WT testis. We recently reported that MCAM is a useful marker for SSC enrichment from WT testis. However, there were significant variations in efficiency among experiments using MCAM [9] , which might be due to unstable epitope recognition by the antibodies used in these experiments. Compared with Hoechst 33342, ALDH staining was useful in terms of its consistency, simplicity, and relatively short handling time (30 min). Moreover, it does not bind to nucleic acids and has low toxicity, a critical advantage over Hoechst 33342. In the present experiments, comparisons of the SSC frequency revealed that 1 of 41 ALDH À cells are SSCs after preselection by CDH1. This value is comparable to those achieved in SSC enrichment experiments using cryptorchid testis (1 in 20-30 cells) [14] . Therefore, primary assessment of ALDH activity, alone or in combination with cell surface molecule expression, can be used to efficiently select cells with greater SSC potential in future experiments.
The development of a new SSC enrichment method using Aldefluor staining will be useful because it overcomes the necessity of identifying specific cell surface markers that discriminate stem cells from their differentiated progeny. Therefore, this technique may also be applied to enrich for SSCs from nonrodent animals, in which few cell surface markers have been identified. Preselection with known SSC markers, such as THY1, will probably be useful to obtain enriched population of SSCs. Because SSCs from diverse animal species can colonize mouse seminiferous tubules, they likely exhibit similar biological properties. Moreover, our study also suggests that SSCs have different characteristic from other stem cells because they do not belong to the ALDH þ population. This may be caused by the unique retinoid metabolism in spermatogenic cells. However, it remains unclear why this approach was not useful for enrichment of SSCs in GS cell cultures. The ALDH levels in GS cells may not be tightly linked to the cell differentiation status. Because ALDH genes are involved in stem cell proliferation in other tissues [25] , upregulated ALDH activity may contribute to GS cell proliferation. Although Aldh1a1 KO mice were fertile and did not show apparent spermatogonia phenotypes [51] , it is possible that there is compensation by other ALDH molecules, as shown for hematopoietic stem cells [58, 59] . The degree of enrichment attained by Aldefluor is modest compared with previously reported results; however, we believe that a combination of the purification method based on stem cell characteristics will be useful for increasing the current purification efficiency and eventually allow direct analyses of the self-renewal and differentiation of individual SSCs.
